Polymer solar cells are conventionally processed by coating a multicomponent mixture containing polymer, fullerene, solvent, and cosolvent. The photovoltaic performance strongly depends on the nanoscale morphology of the blend, which is largely determined by the precise nature of the solvent composition and drying conditions. Here, an alternative processing route is investigated in which the two active layer components are deposited sequentially via spin coating or doctor blading. Spin coating the fullerene from o -dichlorobenzene on top of the polymer provides virtually identical morphologies and photovoltaic performance. Using blade coating, the infl uence of the second-layer solvent for the fullerene derivative is investigated in further detail. Different aromatic solvents are compared regarding swelling of the polymer layer, fullerene solubility, and evaporation rate. It is found that while swelling of the polymer by the second-layer solvent is a necessity for sequential processing, the solubility of the fullerene derivative in this solvent has the strongest infl uence on solar cell performance. Homogeneous layers in which a suffi cient amount of fullerene can infi ltrate the polymer fi lm can only be achieved when solvents are used that have a very high solubility for the fullerene and swell the polymer layer.
DOI: 10.1002/aenm.201500464 assist in developing devices with increased stability. [ 2 ] Ink-based printing of effi cient OPV cells is envisioned for large area applications. [ 3 ] Presently, the universal method for manufacturing polymer:fullerene organic solar cells is depositing both components from a common solution. The solution, or ink, thus consists of at least three components: polymer, fullerene, and solvent. To obtain optimized performance it is often mandatory to include cosolvents or processing agents. [ 4 ] During fi lm formation the volatile solvents evaporate and the system eventually reaches a state in which it becomes thermodynamically unstable, either because the solubility limit for one of the components is surpassed [ 5 ] or because liquid-liquid phase separation occurs when the system enters the spinodal regime. [ 6 ] At this point, polymerrich and fullerene-rich phases will start to form. The growth of these phases is frozen-in when the fi lm solidifi es at the time that all solvent has evaporated. The resulting morphology is called a bulk heterojunction. [ 7 ] The exact composition of the phases and the typical length scales in this bulk heterojunction morphology are very important for the effi ciency of the solar cell.
An alternative processing route is to sequentially deposit layers. This involves depositing the polymer in a fi rst step, followed by the deposition of a fullerene derivative in a second step, using different solvents for each component. In some cases bilayered structures are formed using sequential deposition method, but it is also possible that signifi cant intermixing between the two components takes place. [ 8 ] Using this route, it is necessary to use an orthogonal solvent in the second step to avoid washing off the underlying layer, or to use a cross-linked polymer. [ 9 ] For sequentially processed poly(3-hexylthiophene): [6, 6] phenyl-C 61 -butyric acid methyl ester (P3HT:[60]PCBM) solar cells thermal annealing is required to achieve proper intermixing of the layers and good solar cell performance. [ 8, 9 ] For more recent and more effi cient polymer:fullerene blends, however, it has been shown that sequential processing of effi cient bulk heterojunction solar cells is possible with less or no thermal annealing. [ 10 ] The success of sequential processing hinges on the nature of the orthogonal or selective solvent used to deposit the fullerene, [ 10 ] but a detailed understanding of the favorable
Introduction
Organic photovoltaics (OPV) form a promising renewable energy technology. Recently, the effi ciency of OPV has increased considerably, now reaching over 10% for polymer:fullerene based solar cells. [ 1 ] Also, studies on degradation mechanisms properties and determining characteristics of such a solvent is lacking. Because a substantial intermixing of polymer and fullerene is required for high photovoltaic performance, swelling of the polymer layer by the second solvent has been suggested to be essential. [ 10d , f ] To obtain insight in the parameters controlling the formation of bulk heterojunction formation via sequential processing, we study deposition of [6, 6] phenyl-C 71 -butyric acid methyl ester ([70]PCBM) on top of a poly(diketopyrrolopyrrolealt -quinquethiophene) (PDPP5T) donor polymer film ( Figure 1 ) via spin coating and doctor blading. The photovoltaic performance varies widely with the solvent used for depositing [70]PCBM, but for selected solvents sequential processing results in very similar efficiencies and morphologies as conventional onestep processing. We investigate different aromatic solvents with respect to swelling of the PDPP5T layer, evaporation rate, and solubility of the fullerene. Although swelling of the polymer by the second solvent is essential, we demonstrate that the crucial parameter for a high efficiency in sequential layer deposition is the solubility of [70]PCBM in the second solvent. We show that sequential deposition can possibly eliminate the use of chlorinated solvents that are commonly employed in direct, single-step processing protocols for organic solar cells.
Results
Conventional processing of optimized PDPP5T:[70]PCBM photo active blends involves spin coating from chloroform (CF) as a primary solvent with 5 vol% o -dichlorobenzene (oDCB) as cosolvent ( Figure 1 ). Blends processed from this CF:oDCB (95:5 v/v) solvent mixture provide power conversion effi ciencies (PCEs) of 5.7% ( Table 1 ) in solar cells when sandwiched between a transparent ITO/PEDOT:PSS hole collecting electrode and a LiF/Al electron extracting contact.
Polymer:Fullerene Ratio
For sequential processing we chose to fi rst spin coat a layer of PDPP5T from CF, followed by spin coating [70]PCBM on top (see schematic in Figure 1 ). The choice of the solvent for depositing [70]PCBM is important. To enable infi ltration of [70]PCBM into the previously deposited PDPP5T fi lm, the solvent used for depositing [70]PCBM must have some affi nity for PDPP5T. We fi nd that oDCB is such a partial solvent for PDPP5T. After repetitive spin coating of pure oDCB on top of a PDPP5T layer, more than half of the volume of polymer is left behind, even though some is fl ushed away. Size exclusion chromatography (SEC) (in superheated chloroform, for more details see Supporting Information) of the original polymer ( M p = 29 kDa), a fl ushed polymer layer ( M p = 32 kDa), and the fraction that dissolved in oDCB ( M p = 5 kDa) revealed that only the low-molecular-weight fraction is fl ushed away. This makes oDCB a suitable solvent for sequential processing of [70]PCBM on PDPP5T.
First, the delay time between the application of [70]PCBM and the start of spin coating was investigated (Section 2, Supporting Information). Surprisingly, the effect of delay time was b) Calculated by integrating the EQE with AM1.5 solar spectrum; c) The ":" sign is used to indicate a solvent mixture, and the "/" sign to indicate sequential processing by the solvents.
(3 of 10) 1500464 wileyonlinelibrary.com very small, which indicates polymer swelling is relatively fast. As the effect was small, in the following the delay was always kept below 5 s. By depositing PDPP5T from CF at different spin rates and depositing [70]PCBM on top from oDCB also at different spin rates, solar cells with varying PDPP5T:[70]PCBM composition were obtained. The fact that some polymer is washed away in the second spin coating step prevents direct determination of the PDPP5T:[70]PCBM ratio in the fi lm from the increase in fi lm thickness. To measure this ratio, the active layers were redissolved in chloroform and UV-vis absorption spectra of these solutions were fi tted with absorption spectra of reference solutions of PDPP5T and [70]PCBM to determine the blend ratio. [ 11 ] The total thickness was measured using profi lometry. Combining the photovoltaic performance with these data gives insight in the dependence of the various performance parameters on the equivalent layer thicknesses of both components in the total layer, as shown in Figure 2 . In general, the short-circuit current density ( J sc ) of polymer:fullerene solar cell strongly depends on the morphology, which infl uences the effi ciency of charge generation, separation, and collection, and on the total layer thickness which infl uences absorption and charge recombination. For equivalent layer thicknesses of PDPP5T of 20-40 nm, a wide range (40-80 nm) of equivalent [70]PCBM-thicknesses give adequate J sc , fi ll factor (FF), and PCE ( Figure 2 ).
The variation in open-circuit voltage ( V oc ) was small and is not shown.
Comparison of Conventional Processing to Sequential Processing
The performance of the best sequentially processed solar cell (CF/oDCB with PDPP5T:[70]PCBM weight ratio of 1:4) is compared with the performance of the optimized bulk heterojunction solar cell (weight ratio of 1:2) fabricated using the CF:oDCB (95:5 v/v) solvent-cosolvent mixture and a device processed without cosolvent (CF-only) in Figure 3 a,b and Table 1 . The external quantum effi ciency (EQE) measurement shows that the sequentially processed cell generates a lower photocurrent than the optimized conventionally processed cell. The current density-voltage ( J−V ) measurements show that the open-circuit voltage is also slightly lower, but due to the higher fi ll factor the PCE is only slightly lower. The PCE of the sequentially processed device is much higher than for the conventionally processed CF-only device.
To visually compare the morphologies that result from the different deposition methods, transmission electron microscope (TEM) images have been acquired for all processing routes (Figure 3 c). Narrow polymer fi bers can be seen in the TEM images for all fi lms except the CF-only blend. For the CFonly blend the coarse phase separation, with [70]PCBM dropletlike domains that originate from spinodal liquid-liquid decomposition, is detrimental for the device performance. [ 6 ] The differences in TEM images of the other processing routes are too small to be conclusive. This indicates that the morphology formed by sequential processing does not differ signifi cantly from the conventional bulk heterojunction, at least within the resolution limits of these TEM images. Vertical composition profi les were obtained by depth-profi ling X-ray photoelectron spectroscopy (XPS) (Figure 3 
Processing the Fullerene Derivative from Other Solvents
We also tested sequential processing of [70]PCBM using o -xylene instead of oDCB. Nonhalogenated solvents are environmentally friendlier and desired in up-scaling of printing processes for polymer solar cells. A solar cell produced by spin coating PDPP5T from CF, followed by spin coating of [70]PCBM from o -xylene gives an optimum PCE of 3.8% (Table 1 Table 1 . For these solar cells both layers are spin coated. The J sc and PCE values are from the J-V characteristic under simulated AM1.5G white light and are not corrected by integrating the EQE with the AM1.5G spectrum.
wileyonlinelibrary.com Figure 3 ), showing that results are sub-optimal. This is attributed to the formation of a quasi-bilayered structure, as inferred from depth-profi ling XPS (Figure 3 d) . A fullerene-rich phase near the air interface can be benefi cial for performance, [ 12 ] but the PDPP5T:[70]PCBM ratio of 1:1 in the mixed phase is too low and explains the low fi ll factor. The results obtained with depositing [70]PCBM from o -xylene reveal that the nature of the second solvent is important for the resulting solar cell performance. Using spin coating from o -xylene, we found a considerable variation in performance between different runs. Using doctor blading as alternative deposition method for the secondlayer turned out to be reproducible and is used in the following.
Doctor Bladed Solar Cells
Doctor blading is more easily translated to industrially relevant roll-to-roll processes and has been shown to allow for effi cient devices for PDPP5T:[70]PCBM blends. [ 13 ] As a new reference for conventional doctor blade processing, we processed PDPP5T:[70]PCBM from the CF:oDCB (95:5 v/v) solvent-cosolvent mixture ( Figure 4 ). The V oc of 0.55 V is slightly lower than for the spin coated cell ( is the same and the J sc of 15.8 mA cm −2 is even slightly higher, which leads to a PCE of 5.7%, which is very similar to the PCE of the spin coated cell. Similar PCEs can be obtained by sequential processing of the second layer either via doctor blading and spin coating. The fi rst (PDPP5T) layer was processed by spin coating from chloroform resulting in a polymer layer thickness of 40-50 nm, but the second ([70]PCBM) layer was deposited by doctor blading, using oDCB as solvent. In this way, a PCE of 5.2% is obtained by sequential processing (Figure 4 and Table 2 ). This is slightly higher than the results when using two spin coated layers (Table 1 ).
In Figure 4 and Table 2 , we show that 1,2,4-trimethylbenzene (TMB) can be used to reach high PCEs of up to 5.3%, similar to that reached by oDCB. Again, with o -xylene reasonable solar cells are made with a PCE of 3.2%, but even after extensive optimization this could not be signifi cantly increased. Even more striking is that when toluene or m -xylene were used to deposit [70]PCBM the results were even worse, with PCEs of only 0.1% and 0.5% respectively. Optical microscopy ( Figure 5 a,c) and scanning electron microscopy (SEM, Figure 5 b,d) reveal that the low effi ciency found using toluene or m -xylene can be ascribed to a poor fi lm morphology. The images show formation of droplet-like features and dendritic crystallites on top of the polymer fi lm. The latter can only be due to [70]PCBM. By eye, the fi lm in-between the droplets is clearly greener than the redder fi lms made from o -xylene and TMB, indicating a low fullerene content in the polymer fi lm. The reduced amount fullerene that is mixed with the polymer explains the strongly reduced photovoltaic performance. With optical microscopy no signifi cant differences can be seen between o -xylene and TMB ( Figure 5 e,f). However, using atomic force microscopy (AFM) a clear difference can be seen. For TMB a very homogeneous fi lm has been formed ( Figure 5 h), while we see an inhomogeneous surface morphology for o -xylene ( Figure 5 g) , which we expect to be caused by deposition of [70]PCBM on top of the polymer-rich fi lm. The resulting gradient in sulfur content has been verifi ed using XPS (see the Supporting Information). The moderate effi ciency in the sequentially doctor bladed fi lms from o -xylene is thus caused by a quasi-bilayered structure in which the fullerene has insuffi ciently penetrated into the b) Ref. [ 14 ] ; c) Calculated by integrating EQE with AM1.5 solar spectrum; d) A mixture of p -xylene and o -xylene in the indicated ratio; e) Close to measurement limit; f) Likely to be underestimated, see Section 3, Supporting Information; g) Ref. [ 15 ] . (Figure 3 ) can be well explained by the differences in coating method and coating temperature.
Polymer Swelling in the Second-Layer Solvent
To make effi cient solar cells, [70]PCBM has to infi ltrate the polymer layer during processing from a second solvent. This can be achieved if this second-layer solvent swells the polymer fi lm, thereby enabling the fullerene to infi ltrate into the polymer fi lm. A possible cause for bad performing sequentially processed solar cells is that the second-layer solvent is unable to swell the polymer layer suffi ciently. To measure the extent of polymer swelling in different solvents, we used a quartz crystal microbalance with dissipation (QCM-d). [ 16 ] In this experiment, a quartz crystal is brought into oscillation at its resonance frequency. If mass is added to the crystal and joins the oscillating movement, the resonance frequency will change. The details of this measurement method are explained in Section 4, Supporting Information.
To study polymer swelling a quartz crystal is coated with a PDPP5T fi lm (thickness 40-50 nm). Solvents are then fl owed over the polymer-coated side of the quartz crystal in a fl owcell geometry. A typical measurement sequence is shown in Figure 6 a. First, as a nonsolvent, 2-propanol (IPA) is fl owed over the PDPP5T layer. IPA does not increase the measured mass density: as expected the polymer fi lm is not swollen by IPA. After that the test-solvent ( o -xylene in the example shown in Figure 6 a), is fl owed over the PDPP5T. This increases the mass density measured by the QCM-d, indicating that o -xylene swells the polymer fi lm and the mass of the solvent that has infi ltrated the polymer layer joins the oscillation of the quartz crystal. This mass density increase can be converted into a thickness increase using the density of the solvent, because all added mass is solvent. When IPA is fl owed again, the fi lm mass density does not decrease to an entirely unswollen state, either because not all o -xylene can be removed from the fi lm, or because IPA cannot swell PDPP5T by itself but may infi ltrate the space made by o -xylene. Then the polymer fi lm is blow-dried by air and it can be seen that the mass density is slightly negative: the fl ow of o-xylene has removed a small part of the polymer fi lm. After this again IPA is used, but now it seems that even this nonsolvent causes a (small) mass density increase. This might be explained by the fact that the fi lm is now rougher or more porous, and thus some IPA joins the oscillation at the surface. A repeated fl ow of o -xylene and IPA shows the swelling is reproducible. Then a good solvent (CF) is fl owed, which fi rst shortly increases the mass density (indicating large swelling) and then decreases the mass density (indicating removal of the fi lm). Now the crystal is further washed with o -xylene and IPA before blow-drying again with air. The total mass density that has been removed by CF can then be converted into the initial polymer layer thickness using the estimated density of PDPP5T (1000 kg m −3 ). The small steps from o -xylene-IPA-air are not totally understood, but might be related to small amounts of remaining polymer or droplet formation on the crystal surface.
To investigate if limited swelling can explain the differences in performance of sequentially processed solar cells these experiments have been performed on a series of aromatic solvents. The data is shown in Figure 6 total thickness removed thickness swollen thickness * Figure 6 . Polymer swelling measurements with a quartz crystal microbalance. In panel (a) a measurement for o -xylene is shown, which is typical for all nonhalogenated aromatic solvents. A quartz crystal is coated with a 40-50 nm polymer layer, and then mounted in the setup. Then various solvents are fl owed in sequence over the coated side of the crystal. A nonsolvent (IPA) causes no increase of mass density on the sensor, thus no swelling, whereas partial solvents do cause an increase of mass density and thus swelling. The sensor is blow-dried with air to measure the mass removed by the partial solvent. Finally, a good solvent (CF) is used to remove the remaining polymer fi lm from the quartz crystal. In panel (b) the results are summarized for all solvents tested. These indicate that swelling is very similar for all non-halogenated aromatic solvents. For oDCB the swelling seems similar as well, but as discussed in Section 4, Supporting Information, this measurement is likely underestimated. The measurement for TMB and oDCB has been performed in duplicate to verify reproducibility.
(7 of 10) 1500464 wileyonlinelibrary.com good correspondence indicates that the QCM-d measurement is reliable. Second, regarding polymer swelling all non-halogenated aromatic solvents behave similarly, with a thickness increase of 118%-141%. This indicates that differences in swelling are not responsible for the trends in solar cell performance. For oDCB the swelling seems only slightly higher than for the nonhalogenated solvents, but this is likely to be underestimated (see Section 4, Supporting Information). Finally, the removed thickness is very similar for all nonhalogenated solvents because less than 10% of the initial polymer fi lm is removed by these solvents, except for TMB where ≈15% of the fi lm is removed. For oDCB ≈23% of the fi lm is removed. This might indicate that an increased amount of removed material is benefi cial for solar cell performance. However, because the space made by removed material is small compared to the space made by polymer swelling we believe this is not the primary reason for the success of second-layer solvents.
Evaporation Rate of the Second-Layer Solvent
In Section 2.5 we have shown that the swelling of the PDPP5T fi lm is similar in toluene and TMB. However, when TMB is used as second-layer solvent in sequentially processed solar cells, efficiencies of up to 5.3% are reached, while effi ciencies are limited to 0.1% when using toluene (Figure 4 , Table 2 ). The limited efficiency for solar cells made using toluene is clearly caused by the formation of droplet-like features and dendritic crystallites of [70]PCBM on top of the polymer fi lm ( Figure 5 ). A signifi cant difference between TMB and toluene is their evaporation rate. The boiling point of TMB is 169 °C, while that of toluene is only 110 °C. [ 14 ] It might be that due to the faster evaporation of toluene the fullerene has insuffi cient time to infi ltrate the PDPP5T layer, which would then cause the low effi ciency. To clarify the infl uence of solvent evaporation rate, solar cells were made using toluene, ethylbenzene, and n -propylbenzene. The increasing length of the alkyl chain increases the boiling point ( Table 2 ) and decreases the evaporation rate. As shown in Table 2 , there is a trend that the PCE increases with boiling point, up to 0.3% for n -propylbenzene. However, these PCEs are very low compared to those obtained with TMB, even though the boiling point of n -propylbenzene (159 °C) is very close to that of TMB (169 °C). Thus, the fast evaporation rate of toluene is not the cause of the low effi ciency. The formation of droplet-like features and dendritic crystallites which occurs for toluene does also occur for ethylbenzene and n -propylbenzene (not shown) and explains these low effi ciencies.
Solubility of [70]PCBM in the Second-Layer Solvent
Crystallization on top of the polymer fi lm might be caused by a low solubility of the [70]PCBM in the second-layer solvent. To test this possibility the solubility of [70]PCBM was measured for all non-chlorinated solvents (and solvent combinations) and the results are collected in Table 2 . The [70]PCBM solubility in oDCB was taken from literature. [ 15 ] Table 2 clearly shows that high-performing solar cells can only be made with solvents in which [70]PCBM is highly soluble. This provides a qualitative understanding of sequential processing as shown schematically in Figure 7 . For all non-halogenated aromatic solvents collected in Table 2 in the remaining solvent layer on top of the polymer fi lm will be deposited there, either in the form of crystallites (toluene), amorphous droplet-like domains (most xylenes), or a quasibilayered structure ( o -xylene).
The remaining question then is why TMB and oDCB sequentially processed cells can form a well-mixed vertical distribution of [70]PCBM and PDPP5T which leads to highperforming solar cells, while those made from o -xylene do not form this correct vertical composition profi le and thus suffer in photovoltaic performance. How can we explain this difference, even though the measured solubility for [70]PCBM is similar? For oDCB this can be explained by the swelling, which is likely to be more than for the non-halogenated solvents (Section 4, Supporting Information). With a similar solubility for [70]PCBM more fullerene can infi ltrate the more swollen layer, because at the moment the solubility limit is reached more fullerene is inside the swollen polymer fi lm. The difference between o -xylene and TMB is not well understood. It might be that the solubility of [70]PCBM in TMB is higher than in o -xylene, which could not be measured due to the already high solubility of [70]PCBM in both solvents. A hint that this might be the case is that the reported solubility of C60 in TMB is 17.9 mg mL −1 , which more than twice that for o -xylene (8.7 mg mL −1 ). [ 17 ] 
Infl uence of the Polymer Layer Morphology
Now that we understand the infl uence of important para meters of the second-layer solvent, it remains of interest to study if there is any infl uence of the morphology of the fi rst layer. It would be benefi cial if we could separate polymer deposition from the fi nal morphology formation, such that the morphology would solely be determined during the processing of the second layer. If this would be the case, the polymer layer might be deposited at higher temperatures from non-halogenated solvents, without having to worry about the formed morphology.
To test the effect of the deposition method of the fi rst layer, a solution of PDPP5T in CF was left to age at room temperature. During ageing of this polymer small aggregates are formed, as evidenced from a signifi cant red-shift in the optical absorption. The aggregates remain fi nely dispersed in the solution. [ 18 ] This 2 month old "preaggregated" solution was spin coated as usual. On top of this preaggregated PDPP5T layer, [70]PCBM has been doctor bladed from TMB. The PCE of 3.0% is significantly lower than that of the reference CF/TMB device ( Table 2 , PCE = 5.3%) and than that of a cell made with a polymer layer from the aged solution after reheating (20 min at 90 °C, PCE = 4.2%; Figure 8 ). The cell processed from the preaggregated solution is slightly thicker (137 nm) than the cell processed from the reheated solution (115 nm) due to the higher viscosity of the preaggregated solution. This thickness difference and the resulting change in PDPP5T:[70]PCBM ratio can partly explain the decrease in performance. However, the large difference in PCE clearly indicates that the state of the used polymer solution, and thus the morphology of the polymer layer, is important in the success of sequential processing. In this case the preaggregation decreases the effi ciency, maybe because the fullerene is unable to penetrate the crystalline regions of the aggregated polymer.
We also processed solar cells entirely from non-halogenated solvents. To do that a slightly more soluble lower molecular weight ( M p = 38 vs 42 kDa) version of the PDPP5T polymer was used. This version could be dissolved in TMB at 110 °C and then spin coated from this hot solution. Then the [70]PCBM was doctor bladed on top from TMB. A thickness optimization series let to a best PCE of 3.2% (Figure 8 ). This result shows that it is possible to process PDPP5T:[70]PCBM solar cells entirely from non-halogenated solvents, but that the effi ciency is lower than when the fi rst layer is deposited from CF.
Both experiments show that the morphology of the polymer layer is important, and that the fi rst solvent infl uences the performance too.
Conclusion
Effi cient polymer:fullerene solar bulk heterojunction solar cells have been made via a sequential processing procedure in which the fullerene is deposited on top of a polymer layer, avoiding the use of solvent/cosolvent mixtures. The effi ciency of the procedure is highly dependent on the second-layer solvent used for the fullerene. It was found that all tested non-halogenated aromatic solvents swell the polymer fi lm similarly, but result in a widely different solar cell performance. While polymer swelling is a necessity, the main factor to infl uence the performance is found to be the solubility of the fullerene in the second-layer solvent. A too low solubility prevents suffi cient infi ltration of the fullerene in the polymer fi lm, and causes the formation of droplet-like features and dendritic crystallites on top of the polymer fi lm, or a quasi-bilayered structure. The fullerene content in the polymer-rich fi lm is then too low to enable effi cient charge transport, which signifi cantly hinders the solar cell effi ciency.
Similar to the conventional processing of organic solar cells, the universality of sequential processing depends largely on the availability of suitable solvents for each new polymer:fullerene combination. Recently, the success of this method has been shown for many different material combinations. [ 10 ] Because the solvent from which the polymer is deposited does not need to dissolve the fullerene, more options are available for depositing the polymer layer. Furthermore, Aguirre et al. have recently demonstrated an elegant method to meet the dual requirement for the second-layer solvent using a mixture of two solvents to swell the polymer layer and infi ltrate the fullerene. [ 10f ] We thus expect that sequential processing will be possible for many polymer:fullerene systems.
Because sequential processing uses single solvents for each component, we expect it can be transferred more easily to rollto-roll production methods than conventional processing using a solvent/cosolvent mixture. It allows solar cells to be made entirely from non-halogenated solvents, but likely more effort is needed to bring their effi ciencies up to par with conventional processing. Without doubt, sequential processing holds promise to be used as an alternative solution-based deposition method to make relevant bulk heterojunction morphologies for organic solar cells.
